Introduction
The delivery of viral DNA into bacteria requires, in most cases, physical penetration of the bacterial cell envelope, which is impermeable to genome diffusion [1] . To this end, tailed bacteriophages have evolved complex tail machines that extend from a unique capsid vertex, providing both an attachment point to the host surface, and a channel for genome-ejection through the cell envelope [2, 3] . In Gram-negative bacteria like Escherichia coli (E. coli) or Salmonella enterica, the cell envelope is a ~150 Å multilayer compartment formed by an inner and an outer membrane (referred to as IM and OM) separated by a peptidoglycancontaining periplasmic space [1] . Both membranes are enriched in integral and peripheral membrane proteins, but differ in lipid composition: the IM contains two symmetric phospholipid leaflets, whereas the OM is asymmetric, with an inner face of phospholipids and an outer face of lipopolysaccharide (LPS) [4] . LPS is a complex glucosamine-based glycolipid unique to Gram-negative bacteria that inserts into the OM via a hydrophobic moiety known as lipid A. Between the OM and IM is a thin layer of peptidoglycans [5] , consisting of alternating units of N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) periodically cross-linked by a tetrapeptide. Overall, the cell envelope protects bacteria from environmental insults and is the major obstacle phages must overcome to deliver their genomes inside bacteria.
Architecture of bacteriophage P22 genome-delivery machine
The P22 bacteriophage is one of the best studied Podoviruses [6] . Its short non-contractile tail machine has been visualized in great detail by a series of asymmetric cryo-electron microscopic (cryo-EM) reconstructions of the mature virion [7] [8] [9] (Figure 1a) . The isolated tail machine extracted from infectious virions was also imaged at 9.4 Å resolution [10, 11] using single particle analysis (Figure 1b) . This ~2.8 MDa multi-subunit complex is formed by one dodecameric portal protein gp1 (12×83.5 kDa), six trimeric tailspikes gp9 (6×215.4 kDa), twelve copies of the tail accessory factor gp4 (12×18.0 kDa), a hexamer of gp10 (6×52.3 kDa) and a trimer of the tail needle gp26 (3×24.7 kDa). High-resolution crystal structures of four of the five polypeptide chains of P22 were determined [12] [13] [14] [15] (Figure 1c f), which allowed us to generate a pseudo-atomic model of the entire tail machine ( Figure  1b ) accounting for over 90% of its atoms.
The portal protein (gp1) is a hub around which the P22 tail assembles and a 'connector' between the tail and coat protein. The portal protein inserts at a five-fold vertex of the icosahedral lattice, where it makes contacts with the coat and scaffolding protein in the procapsid [16] and the coat and viral genome in the mature virion [7, 9] . The P22 portal protein consists of a ~0.96 MDa dodecamer [17] , which was visualized crystallographically at 3.25 Å resolution as portal protein core (residues 1-602) bound to twelve copies of gp4 and, at lower resolution, as naïve ring (residues 1-725) [15] (Figure 1c ). The portal protein has a maximum diameter of ~170 Å and an overall height of ~300 Å, nearly half of which is occupied by a continuous α-helix spanning residues 603-725 that forms the 'barrel domain'. The X-ray structures of the portal protein core:gp4 complex fits well inside the high resolution asymmetric cryo-EM reconstruction of the mature P22 virion [7] , but significant variations exist between the crystal structure and cryo-EM reconstruction at the base of the barrel. In the naïve structure the barrel helices are straight and relaxed [15] , whereas this region is twisted in the mature virion [7] , possibly as a result of the pressurized genome stored inside the capsid [2] . The barrel is highly susceptible to proteolysis in vitro [18] and is invisible in the reconstructions of P22 procapsid [16] and isolated tail complex [10, 11] (Figure 1b) , suggesting this helical domain folds specifically upon encapsidation of viral DNA. Accordingly, P22 virions lacking the barrel domain package DNA efficiently but are defective in delivering it into the host, pointing to a role of the barrel in genome-ejecting [7] . In the mature P22 virion, the portal protein is bound to two concentric oligomers formed by tail factors gp4 and gp10. Monomeric gp4 (Figure 1d ) assembles upon binding to the portal protein to form a hollow dodecameric ring ~75 Å in height [19, 20] , while hexameric gp10 binds to a pre-formed portal:gp4 assembly [21] to extend the tail hub. This factor is exceptionally well conserved in P22-like phages [22] , but its structure is unknown. Mutants lacking gp10 fail to assemble tailspikes [23, 24] , suggesting gp10 physically bridges the phage tail to the tailspike protein, as visualized by recent cryo-EM reconstructions [7, 11] .
The tailspike protein (gp9) is the largest component of P22 tail that accounts for ~46% of its total mass. Each tailspike protomer is built of 13 complete turns of a parallel β-helix domain, which forms a three-stranded interdigitated core [13] and an N-terminal head-binding domain that mediates attachment to the tail machine [12] (Figures 1e, 2a ). In the phage tail, six trimeric tailspikes are symmetrically positioned at the vertices of a hexagon ~215 Å in diameter (Figure 1b ). The tailspike functions as an adhesion protein that binds to the Oantigenic repeating units of LPS (between 19 -34 repeating units in Salmonella [25] ) and cleaves the α(1,3)-O-glycosidic bond between the rhamnose and galactose components of the LPS using its endorhamnosidase activity [26] . Protruding ~140 Å outside the plane generated by the six tailspikes [7, 9] is the tail needle gp26, which forms a 240 Å long trimeric coiled-coil fiber [14, [27] [28] [29] (Figures 1f, 2b ). Deletion studies [30] have revealed that the N-terminal 60 aminoacids of gp26 are essential for binding to hexameric gp10 [21] . Together, the tail factors gp4, gp10, and gp26 are required for the stabilization of newly packaged DNA into the P22 capsids. P22 phages bearing mutations at any of these three genes form procapsids and package DNA but remain unstable, losing their DNA within minutes [31] .
The tail needle super-family and its putative role in genome-delivery
The gene encoding the tail needle has been identified bioinformatically in the genome of over 150 bacteriophages and prophages [32] . While the N-terminal 65 residues are extraordinarily conserved, tail needles can be divided in two subgroups [33] based on the Cterminal domain architecture. In P22-like bacteriophages (Figure 2b ), the C-terminus folds into a helical trimer, whose mainchain is inverted with respected to the helical core [14, 29, 30] . In Sf6-like phages (Figure 2c ), the C-terminus of the tail needle ends in a trimeric knob structure [33] similar to the fiber knob of bacteriophage PRD1 and Adenovirus [34] . Ultra-high resolution crystal structures of the phage Sf6 [34] and HS1 [35] tail needle knobs identified three L-glutamate molecules bound to a trimeric knob, however the functional significance of this ligand remains unknown. All tail needles analyzed experimentally display remarkable structural stability and denature in solution with an apparent melting temperature between 85-90°C [33] .
Morphologically, the tail needle is the most distal moiety of the phage exposed to the outside and is likely responsible for first contacting the host outer surface. This idea is supported by the observation that during P22 infection, the tail needle is released from the virion into the host, possibly to open a channel for DNA release [36] . The slender structure of gp26, reminiscent of a "drill bit" (Figure 2b ), is consistent with this putative function. Chimeric phages carrying swapped tail needle knobs efficiently infect Salmonella, suggesting that the knob does not confer host specificity, at least under laboratory conditions [35] . However, genetic changes to the needle tip that replace entirely the knob with the short foldon domain of bacteriophage T4 fibritin [37] reduce infectivity and significantly slow down potassium release from the host during infection. This suggests that the needle plays a role in DNA delivery by controlling the kinetics of DNA ejection into the host. Intriguingly, aggregates of purified Salmonella LPS are sufficient to trigger P22 tail needle ejection in vitro, followed by slow release of viral DNA over a period of about 5 hours [38] . Although in vitro ejection is significantly slower than in vivo genome-ejection, which occurs within minutes, the cross-talk between LPS and gp26 suggests that the signal for tail needle ejection and genome release may be transmitted by the tailspike to the tail needle through a series of conformational changes within the tail hub (Figure 1b) . In support of this idea, we found that the tail needle can adopt two conformations in response to pH changes (Bhardwaj, A., personal communication). At neutral pH, the N-terminus of gp26 (residues 1-60) adopts a random coil conformation that binds gp10 and closes the DNA-ejection channel. Acidic pH drives folding of gp26 N-termini into a trimeric helical bundle [14, 29] , possibly representative of a post-ejection conformation. Gp26 ejection is followed by ejection of three essential proteins gp7, gp16 and gp20 (or ejection proteins) [31] , that are thought to form a conduit through the cell envelope [39] .
Conformational changes accompany genome-ejection of bacteriophage T7
T7 is another well-studied member of the Podoviridae family. A medium resolution asymmetric reconstruction of T7 mature virion [40] revealed a T=7 icosahedral capsid ~600 Å in diameter (Figure 3a) . The tail complex occupies a unique five-fold vertex and projects 185 Å outside the capsid layer and ~265 Å inside the virion where it forms a ~175 Å wide 'internal core'. Docking the 8 Å resolution connector structure (gp8) [41] into the internal core unambiguously assigned the position of the dodecameric portal vertex. Above the connector, internal core proteins gp14, gp15, and gp16 form 12-, 8-and 4-fold symmetric rings [42] . Minimal density is observed in this reconstruction for the tail fibers (gp17) that are disordered due to their flexibility. These fibers were partially resolved in a 16 Å reconstruction of T7 tail complex extracted from mature virion [43] (Figure 3b ). This ~2.7 MDa assembly is built by a dodecameric portal (gp8), six trimeric fibers (gp17) and two rings of a dodecameric adaptor (gp11) and a hexameric nozzle protein (gp12). The crystal structure of a C-terminal fragment of gp17 (residues 317-553) was recently determined [44] (Figure 2d) . Surprisingly, this trimeric fiber consists of a tapered pyramid of interlocked β-sheets, similar to P22 tailspike (Figure 2a) , that is connected by two short α-helices to a Cterminal knob similar to the Sf6 phage tail needle knob (Figure 2c ) [34] . The T7 tail fiber binds reversibly to E. coli LPS followed by a secondary irreversible attachment of the tail to an unknown primary receptor [26] .
Cryo-electron tomography (cryo-ET) was recently used to capture T7 in the act of ejecting its genome inside E. coli minicells [45] . Tomographic reconstructions of T7 mature virions resolved tail fibers folded against the capsid and symmetrically organized around the tail hub (Figure 3c ). Engagement of T7 tail tip with a specific receptor present in E. coli results in two dramatic quaternary structure conformational changes (Figure 3d) . First, tail fibers detach from the capsid and undergo a large rotation to grab the host surface, adopting an 'adsorption structure'. Second, the tail tip inserts a ~450 Å long 'DNA ejection conduit' inside the host cell envelope [45] that likely contains internal core proteins gp14, gp15 and gp16 [46] . This reconstruction supports a model whereby the tail fibers are dynamic structures that by adopting a folded-back conformation allow a higher rate of virion diffusion. The idea of dynamic tail fiber accompanying genome ejection was also emphasized by a recent cryo-EM analysis of the marine phage P-SSP7, a far-relative of T7 and ocean most abundant phage [47] . Overall, transient extension of flexible tail fibers upon contact with a surface may allow a phage to explore a large volume in search for a cell, or a specific receptor.
Conclusions
In recent years, the synergy of 'top-down' cryo-EM asymmetric reconstructions of infectious virions and 'bottom-up' high resolution crystal structures of individual components has allowed to visualize the structure of large viral genome-delivery machines with unprecedented accuracy. In parallel, the advent of cryo-electron tomography is allowing scientists to put these machines in their biological context and begin deciphering the mechanisms of genome-ejection at the single virion level. The tail machines of P22 and T7 described in this review present significant differences and some analogies. Both tails are too short to span a bacterial cell envelope and use tailspikes to attach to a 'primary receptor' on the host surface [26] . P22 virions (Figure 4a ) adsorb onto the Salmonella surface using tailspikes, which recognize and cleave the O-antigen polysaccharide portion of the surface LPS [26] . In all cryo-EM reconstructions obtained thus far, the P22 tailspikes are rigid and there is no experimental evidence of tailspikes squatting onto the host surface or undergoing major conformational changes (Parent, K., personal communication). Tailspikes form a static crown that attaches to the host OM and, using its endorhamnosidase activity, brings the phage in close proximity to the host surface and mediates tail needle ejection through the cell envelope. It is also possible that the tail needle tip contacts an unknown 'secondary receptor' [48] to facilitate, or perhaps simply accelerate DNA-ejection. In either case, tail needle ejection is followed by delivery of ejection proteins gp7, gp16 and gp20 that have been hypothesized to assemble in the host cell envelope to form a conduit for DNA translocation. In contrast, T7 (and likely P-SSP7) (Figure 4b ) have dynamic tail fibers that undergo dramatic conformational changes upon contact to the host cell surface allowing the virus to 'walk' onto the host surface searching for a receptor. T7 absorption is also accompanied by 'puncturing' of the host OM, followed by insertion of three internal core proteins gp14, gp15, and gp16 into the infected cell envelope to generate a conduit for genome-delivery. In summary, different yet fundamentally analogous molecular machines mediate ejection of bacteriophage P22 and T7 genome into their Gram-negative hosts. Although entropically driven, this process is energetically costly [2] and the exact energetics of genome-ejection remains a topic of controversy. (a) Cross-section through the center of the 7.8 Ǻ asymmetric cryo-EM reconstruction of P22 mature virion [7] . The viral genome (in green) is surrounded by a shell of coat protein (blue). The tail complex is formed by portal protein (red), gp4 (pink), gp10 (cyan), gp26 (yellow) and gp9 (orange). (b) Pseudo atomic model of P22 tail machine generated by fitting atomic structures of gp1, gp4, gp26 and gp29 inside the cryo-EM reconstruction of the isolated tail machine [11] . Gp10, whose atomic structure is unknown, is colored in cyan. Ribbon diagrams of individual tail components determined crystallographically are shown in (c) portal protein (pdb 3LJ5) [15], (d) monomeric gp4 (pdb 1VT0) [15] , (e) tailspike core (pdb 1TSP) [13] and its N-terminal domain (pdb 1LKT) [12] , and (f) tail needle gp26 (pdb 2POH) [14] . Ribbon diagrams of (a) P22 tailspike (pdb 1TSP, 1LKT) [13] [12]; (b) P22 tail needle (pdb 2POH) [14] ; (c) Sf6 tail needle that includes the crystal structure of its knob domain (pdb 3RWN) [34] and a homology model of the helical core (highlighted with a light gray surface) [32] ; (d) T7 tail fiber (pdb A0T) [44] . In all the panels, α-helices, β-strands and loops are colored in red, yellow and green, respectively. (a) Cross-section through the center of the 21 Ǻ 5-fold symmetrized cryo-EM reconstruction of T7 mature virion [40] . (B) Cryo-EM reconstruction of T7 tail machinery isolated from mature virions [43] . (C-D) Cryo-ET reconstructions of the pre-and postadsorption conformation of bacteriophage T7. Tail fibers undergo dramatic remodeling and a new density, likely corresponding to internal core proteins gp14, gp15 and gp16 appears in the host periplasm. Schematic diagram depicting the adsorption and genome-ejection strategy used by bacteriophages P22 (A) and T7 (B). In both cases, internal core proteins are thought form a DNA conduit (colored in red) in the host cell envelope that mediates ejection of viral DNA (in green) inside the host cytoplasm.
